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High-aspect-ratio Fe nanostrips are studied with real-space micromagnetic imaging methods. We experimen-
tally demonstrate reversible switching from essentially homogeneous single-domain states at room temperature
to multidomain diamond states at elevated temperature. This temperature-dependent magnetic bistability can be
understood and modeled by accounting for the temperature dependence of the magnetocrystalline, shape, and
magnetoelastic anisotropies. These results show how the transition temperature between two magnetic domain
states can be tailored by controlling epitaxial strain and particle geometry, which may generate new opportunities
for magnetic memory and logic device design.
DOI: 10.1103/PhysRevB.92.024416 PACS number(s): 75.75.Fk, 75.80.+q
I. INTRODUCTION
Mesoscopic magnetic elements feature a particularly rich
diversity of interesting magnetic phenomena. Besides their
fundamental relevance, these phenomena provide the oppor-
tunity to tailor and control magnetism through a variety of
strategies [1–5]. One widely discussed aspect has been the ob-
servation of a single-domain threshold size in small magnetic
particles [6]: below some critical size the magnetic ground
state of individual elements can be a single-domain state,
while multidomain flux-closure patterns are often more stable
in larger structures [6,7]. Many basic studies have focused on
the occurrence of magnetic domain patterns as a function of
particle geometry [7–11]. Temperature-controlled single- to
multidomain structure transitions remain less well explored;
prior work on temperature-dependent magnetic phenomena
in small elements includes thermally induced fluctuations
such as magnetic bistability of Co nanodots switching from
single-domain to vortex states [12] and superparamagnetic
properties of small elements more generally [13].
Interest in thermally activated magnetic transitions is driven
by applications in memory and logic devices [3,5], where
some technologies depend on suppression of thermal effects
(nonvolatility of memory, etc.), while other technologies
depend on deliberate control of thermally activated effects
(heat-assisted writing, etc.) [14]. In addition, the possibility of
magnetic bistability is useful for applications in all-magnetic
logic systems [15,16]. Thus, the ability to accurately predict
and control thermally activated magnetic properties of small
particles is important for a wide range of topics and calls
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for a validation of micromagnetic theory in comparative
experimental/theoretical investigations.
Here we describe a model system to investigate
temperature-driven, reversible magnetic transitions in individ-
ual high-aspect-ratio Fe magnetic particles epitaxially grown
on a Ru(0001) substrate.
II. EXPERIMENT
Between 10 and 20 atomic layers (AL) of Fe were deposited
by molecular beam epitaxy onto clean Ru(0001) substrates in
1 × 10−6 mbar O2. The iron dose rate was 2 AL per minute
and the substrate was kept at 880 K. The Ru substrates were
cleaned by flash annealing at 1700 K under 5 × 10−8 mbar O2.
After growth, the films were cooled down to room temperature
under ultrahigh vacuum (no O2 atmosphere). The growth of
the films was followed in real time by low-energy electron mi-
croscopy (LEEM) [17], in three different instruments. The first
is an aberration-corrected combined LEEM/photoemission
microscope (PEEM) at the UE56-1/SGM beamline at the
BESSY synchrotron in Berlin [18]. The instrument allows
acquiring x-ray circular magnetic dichroism (XMCD) images
to either map the in-plane magnetization component for a
given atomic element along the x-ray direction within the film
with nanometer resolution, or to acquire selected area XMCD
spectra as a function of photon energy. For XMCD images,
two images at the Fe L3 edge are taken with opposite photon
helicity, and subtracted pixel by pixel. The second instrument is
the spin-polarized low-energy electron microscope at Berkeley
National Laboratory [19]. It is equipped with a spin-polarized
electron source coupled to a spin manipulator that allows
rotating the spin direction to any desired orientation relative to
the sample [20]: this offers the ability to map the magnetization
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FIG. 1. (Color online) (a), (b) XMCD-PEEM gray scale images
(11 μm field of view) at the L3 x-ray absorption edge, where pixel
brightness is proportional to the magnitude of the component of
the magnetization vector along the incident photon beam direction.
Imaging the same area at (a) 300 K and (b) 750 K shows temperature-
dependent transition of several nanostrips from essentially single-
domain C states to diamond multidomain states. OOMMF micromag-
netic simulations show corresponding local spin directions of the
single-domain C state (c) and the diamond multidomain state (d)
(photon direction indicated by arrow/symbol in upper right corners).
in any desired direction, performing full three-dimensional
magnetometry [21]. Using low-energy electron microscopy in
microdiffraction mode (LEED), a 0.5-μm-diameter electron
beam was diffracted on the nanostrips during LEED experi-
ments performed at the third LEEM, an Elmitec instrument
at Sandia National Laboratory. The energy of the incident
electron beam was varied in the range of 15–50 eV.
III. RESULTS AND DISCUSSION
A. Magnetic transition
X-ray photoemission electron microscopy in magnetic
circular dichroism mode (XMCD-PEEM) provides images
of the micromagnetic structure of self-assembled high-aspect
rectangular islands, or nanostrips, and reveals a striking tem-
perature dependence. An image of an ensemble of nanostrips at
room temperature is shown in Fig. 1(a), where well-defined ho-
mogeneous gray levels of the nanostrips indicate that they are
in magnetic single-domain states; the in-plane micromagnetic
structure of this so-called C state—note the slight contrast
difference at the edge of the strips in Fig. 1(a), typical of
the C state—is shown in a simulation result, Fig. 1(c). Taken
by itself, this result is not surprising: when shape anisotropy
dominates over other magnetic anisotropies, many types of
high-aspect-ratio magnetic particles tend to be magnetized
along their long axis in this type of state [9,22]. After elevating
the sample temperature to 750 K, a second XMCD-PEEM
image of the same elements is reproduced in Fig. 1(b), showing
that some of the nanostrips have transformed into multidomain
in-plane states; simulation results reproduced in Fig. 1(d)
show the micromagnetic structure in more detail. By itself,
this result is also expected: this type of flux-closure diamond
multidomain state can be seen in many other types of magnetic
structures [7,8,11,23,24].
The interesting aspect of this system is that, unlike the cited
previous studies [7–9,11,12,24], we find that the transitions
between these two states are reliably reversible under temper-
ature cycling, and that the critical transition temperatures of
individual nanostrips depend on their width. Indeed, we see
that narrow nanostrips remain in a single-domain state up to
their Curie temperature (Tc). In the remainder of this paper we
address the physical origins of this remarkable dependence of
magnetic domain states on temperature.
B. Structure and composition
We start by summarizing the growth and composition of
the nanostrips. Following the formation of an atomically thin
FeO [25] wetting layer, deposition of Fe on Ru(0001) at a rate
of two atomic monolayers per minute in 10−6 Torr oxygen at
880 K substrate temperature produces the nanostrips discussed
here. The FeO wetting layer shows no magnetic contrast
in XMCD-PEEM images (see Fig. 1), which is plausible
because bulk FeO is antiferromagnetic with a Ne´el temperature
below room temperature [26]. To determine the composition
of the nanostrips, we used spectroscopic imaging by scanning
the photon energy while collecting XMCD-PEEM images.
This facilitates extraction of XMCD spectra from individual
features and a spectrum collected from a single nanostrip is
reproduced in Fig. 2(a). It matches those reported for Fe and
clearly lacks the distinct peak splitting reported for magnetic
iron- oxides [see Fig. 2(b)] [27,28], thus showing that the
nanostrips are composed of metallic Fe. (Due to the preparation
in the presence of oxygen, we assume the Fe nanostrips are
covered with an atomically thin FeO layer, but the ultrathin
oxide surface layer does not significantly affect the XMCD
spectra.)
Next we address the crystalline and geometric structure
of the nanostrips. Fe grown on Ru(0001) surfaces under
ultrahigh-vacuum conditions is known to form bcc(110)
islands in Kurdjumov-Sachs epitaxial orientation [29], where
the bcc [1¯11] axis is parallel to the hcp [11¯20] direction. In
this epitaxial relationship, two bcc coincidences are possible
for each close-packed direction of the underlying hcp lattice,
oriented at +/ − 5◦ of the three equivalent [11¯20] direc-
tions [30]. LEED), shown in Fig. 2(d), reveals two diffraction
patterns, rotated by 5° with respect to each other. As the
0.5-μm-diameter electron beam illuminates both a section of
a nanostrip and a section of the adjacent substrate region,
the angular alignment of these patterns is consistent with
the expected +/ − 5◦ coincidence of the Kurdjumov-Sachs
epitaxy of Fe/Ru(0001) [31]. This result indicates that even if
a FeO wetting layer covers most of the Ru(0001) surface, the
Fe nanostrips grow on top of the bare Ru.
The diffraction experiments also reveal a family of diffrac-
tion spots that move across the screen as a function of
beam energy. To highlight the moving diffraction spots, the
pattern reproduced in Fig. 2(d) was generated by image
integrating over the energy range from 15 to 50 eV. As a
result, the spot motion appears as streaks. The moving spots
arise from edge facets that are inclined with respect to the
surface plane, indicating a trapezoidal cross section of the
nanostrips. The energy-dependent displacements of the facet
spots are along [1¯10] and ¯110 directions, which implies that
the edge facets are tilted away from the (110) surface normal
towards these directions; consequently the long axis of the
nanostrips must be oriented along the [001] direction. This
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FIG. 2. (Color online) (a) Microspectroscopy from an individual
nanostrip (x-ray absorption shown in red). Dichroic spectra (in blue)
from a nanostrip show that the Fe L3 edge has a shape corresponding
to elemental Fe, rather than to an iron oxide. (b) shows dichroic
spectra at the Fe L3 edge corresponding to Fe3O4 (reproduced from
Ref. [26], with permission). (c) LEEM image (20 μm field of view)
showing the formation of nanowires on Ru(0001) and highlighting the
60◦ + / − 5◦ angles between relative orientations of strips and the
+/ − 5◦ angles between the strips and the underlying compact
directions of the sketched hexagonal Ru(0001). (d) Microdiffraction
from an individual nanostrip. The sum of a series of LEED patterns
collected at different energies (from 15 to 50 eV) shows fixed
diffraction spots from flat parts of the surface as well as streaks due
to a family of diffraction spots that move as a function of energy. The
moving diffraction spots originate from edge facets. The red arrow
indicates the long axis direction of the nanostrip, perpendicular to the
lines of motion of the streaked LEED spots.
picture implies six growth directions of nanostrips, oriented at
+/ − 5◦ of the three close-packed directions of the substrate.
Indeed the resulting 10◦ angle between individual nanostrips
is often seen in our images. For instance, Fig. 2(c) presents
a LEEM image where Fe strips with varying thicknesses are
portrayed. Thinner strips appear as straight black lines, while
wider ones are seen as transparent elongated rectangles at
the particular electron energy employed. Smaller dots and
islands correspond to FeOx [25]. The outlines of a large
number of individual strips were measured, showing that
widths a and lengths c are in the ranges a = 80–1400 nm
and c = 1.5 − 15 μm and the smallest aspect ratio observed
is of the order of n = 7. Taking into account the area fraction
covered by nanostrips and the total dose of deposited Fe, we
conclude that their average thickness is around 25 nm, and it is
plausible to expect a significant dispersion of thickness values.
C. Discussion and micromagnetic model
Now we focus on the origin of the observed magnetic
transition. A clue for the understanding is provided by the
correlation between the width and transition temperature of the
nanostrips; the widest strips transition to multidomain states
at the lowest critical temperature, while in the narrowest strips
single-domain states persist up to the Curie point. To quantify
these observations, ensembles of nanostrips were heated to
selected values of temperature and their width-dependent
magnetic states were measured by spin-polarized LEEM.
For each temperature (T ), Fig. 3(a) plots widths of the
strips, using blue dots for those found to be in single-domain
C states and red dots for those found in multidomain diamond
states. The plot clearly shows a diagonal phase boundary
separating the two states. In addition, the difference between
data collected while heating or cooling reveals a hysteresis in
the transition of about 350 ◦C. We assume this hysteresis to be
the consequence of the existence of energy barriers between the
two states that need to be overcome [12]. Thermal fluctuations
aid overcoming these barriers and play a role in the dynamics
associated with this magnetic transition. However, in order
to understand and model its origin, the balance between the
relevant magnetic anisotropies must be considered.
When the effective anisotropy is aligned with the long
axis of the nanostrips, single-domain states are the expected
ground state. For diamond multidomain patterns to be stable,
an anisotropy perpendicular to the long axis of the nanostrips
must be present. Given that 〈001〉 directions are the easy axes
of bcc Fe [32], both magnetocrystalline and shape anisotropy
vectors are parallel to the nanostrips and favor single-domain
states. This suggests that additional sources of anisotropy must
be taken into account. Surfaces and interfaces of the nanostrips
might affect anisotropy in the out-of-plane direction, but
recalling that the t = 25 nm average thickness of the nanostrips
is more than an order of magnitude smaller that their width,
it is not likely that surface anisotropy on the edge facets is
sufficient to stabilize in-plane perpendicular anisotropy.
Two sources of magnetoelastic anisotropy should be
considered: (1) the substrate-induced lattice mismatch and
(2) the thermal strain consequence of the different thermal
expansion coefficients of Fe and Ru. Taking into account
that thermal strain is proportional to T =Tobservation−Tgrowth,
where Tobservation is the T at which the XMCD-PEEM image is
obtained and Tgrowth = 880 K, the T at which the sample was
grown [24], the second source of magnetoelastic anisotropy
vanishes upon annealing and approaching growth temperature.
On the other hand, biaxial strain (perpendicular and parallel
to the strips) induced by the lattice mismatch will be consid-
ered. Along 〈1¯10〉, strain is tensile [33] and the associated
magnetostriction constant λ110 Fe, being a linear combination
of λ100 and λ111 [34], is negative below 470 K and positive
above [35]. This implies that the magnetoelastic anisotropy
originated by strain along 〈1¯10〉 changes its direction at
470 K from parallel (at low temperature) to perpendicular
(at high temperature) to the strips. The magnetostriction
constant of Fe along 〈001〉 λ100 is positive and increases
monotonously between room temperature and 750 K, from
20 × 10−6 to 30 × 10−6 [35]. The compressive strain of Fe/Ru
along 〈001〉 [33] and the positive value of λ100 imply a
magnetoelastic easy axis perpendicular to the long axis of
the nanostrips at all temperatures studied. The transition can
thus be qualitatively explained: magnetocrystalline anisotropy,
which is aligned with the long axis, decreases as a function
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FIG. 3. (Color online) (a) Plot summarizing domain state measurements on nanostrips as a function of temperature and width. Red/blue
triangle symbols indicate experimentally observed multidomain/single-domain configurations, respectively. Yellow star symbols indicate the
transition critical width calculated from micromagnetic simulations, in good agreement with the experimental data. Two XMCD-PEEM images
(6 μm × 4 μm field of view) are inserted to highlight each state. (b) Internal energy as a function of temperature calculated by micromagnetic
simulations corresponding to single- and multidomain configurations for nanostrips with three different widths (472, 336, and 268 nm) and
constant aspect ratio of 8.
of increasing temperature [32]. In contrast, the magnetoelastic
anisotropy (Kme) perpendicular to the wires, caused by lattice
mismatch, increases with temperature favoring magnetization
aligned perpendicular to the long axis. It should be noted that
shape anisotropy decreases with temperature [32].
To validate this idea we constructed a quantitative micro-
magnetic model employing the object oriented micromagnetic
framework (OOMMF) code [36]. We start by estimating the
temperature-dependent strain state of the nanostrips. Given
the thickness range of the Fe strips, these must be mostly
relaxed [37]. However, small residual strains cannot be
neglected here: a residual strain in the range ε = 0.1%–0.5%,
which has been reported in Fe films for comparable thicknesses
and lattice mismatch [38], can stabilize a relatively large
magnetoelastic anisotropy Kme. Taking into account that at
elevated temperatures λ110 is roughly between six and four
times smaller than λ100, we will consider for simplicity only
magnetoelastic anisotropy originated along 〈001〉. From the
relation [24]
Kme = 32
Eλ100ε
1 − ν , (1)
where E = 211 GPa is the Young modulus, υ = 0.29 is the
Poisson ratio of Fe, and substituting the value of λ100 at 750 K,
Kme = 4 × 104 J m−3 is obtained for ε = 0.3%.
Nanostrips with a fixed aspect ratio of n = 8 and different
widths, lengths, and thicknesses were modeled in the OOMMF
simulations. A cubic anisotropy is used to describe bulk
Fe. Two main directions are defined, the third one being
their vector product. These two directions are 〈100〉 and
〈0¯11〉. The magnetoelastic anisotropy Kme is approximated
as uniaxial and perpendicular to the 〈001〉 long axes of the
nanostrips, and its value is estimated employing the equation
reported above. The magnitude of Kme was calculated based
on the temperature dependence of λ100. The temperature
dependence of magnetocrystalline anisotropy, exchange stiff-
ness (A), and saturation magnetization (Ms) were taken into
account, assuming bulk Fe literature values [32,35]. The
following room temperature values were employed: A = 21 ×
10−12 J m−1, Ms = 1713 kA m−1, K1 = 4.8 × 104 J m−3, and
Kme = 2 × 104 J m−3. The cell size in all simulations re-
ported here is 4 × 4 × 20 nm3 and the damping parameter is
set to 1.
Moreover, and given the lack of a direct strain measurement,
a broad range of Kme values were considered in additional
simulations. Below 1 × 104 J m−3, Kme is not strong enough
to stabilize the multidomain structure at any temperature
below the Curie point. Between 1 and 4 × 104 J m−3, both
the single and multidomain structures are stable and the
transition is reproduced. Above 4 × 104 J m−3, the strips
remain in a multidomain state at all temperatures between RT
and Tc.
Figure 3(b) shows the results of OOMMF simulations where
we computed the internal energy of the C-state and diamond
configurations, corresponding to different temperatures, for
nanostrips with three different widths and constant aspect
ratio n = 8. The simulations do not take explicitly into
account thermal effects, except for the fact that they are
implicit in the magnetic parameters utilized. Upon increasing
temperature, the energy associated with the C state increases,
until crossover points with the energy of the diamond state
are observed. The crossing points correspond to the critical
points at which the transition occurs. Simulating the evolution
of internal energies for nanostrips with different widths, the
resulting transition points are shown as yellow star symbols
in Fig. 3(a). Agreement with the experimental results shows
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that this model, accounting for temperature dependence of
shape anisotropy, magnetocrystalline anisotropy, and magne-
toelastic anisotropy predicts the size dependence of critical
temperatures at which the nanostrips undergo the domain-state
transition.
IV. CONCLUSIONS
In summary, studying self-assembled high-aspect-ratio
nanostrips we observe reversible transitions between two
stable domain configurations. Fe nanostrips switch between
a single-domain state at room temperature and a flux-closure
multidomain diamond configuration above size-dependent
critical temperatures. A micromagnetic model capturing
magnetocrystalline, shape, and magnetoelastic anisotropies
predicts the temperature and size dependence of the mag-
netic domain states. Our findings show that controlling
the strain state and geometry of small magnetic elements
enables tailoring the temperature at which a transition be-
tween two magnetic states with very different properties
occurs.
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